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Additive manufacturing has become an enabling technology for making extremely
complicated engineered structures that were once impossible to produce.

However, the

manufacturing process inherently introduces a multitude of variables that can affect the
mechanical performance of the structure. In order to truly understand the mechanical response of
the material it must be characterized under similar conditions. Therefore, it is necessary to
perform high strain-rate experiments on materials to understand how mechanical properties
change with respect to the loading rate. The dynamic behavior of additively manufactured 316L
stainless steel, produced by the powder bed fusion method were investigated. The effects of build
orientation, process parameters, and heat treat were investigated for specimens subjected to
dynamic compression. Compression experiments revealed a very high level of dependency on
the heat treatment for both the strength of the steel and sensitivity to strain-rate. Build orientation
and build process parameters were also shown to have an effect as well. In-situ Dynamic tension
experiments via high-speed synchrotron X-ray imaging were also performed at the advanced
photon source in Argonne National Laboratory.

These experiments provided insight into the

morphology of inherent processing defects, such as porosity, and how these defects influenced
the failure mode and resultant mechanical properties. In contrast to the quasi-static response,
dynamic loading was shown to yield a much smaller degree of elongation before failure.

1

1 INTRODUCTION
The use of the terms “additive manufacturing” (AM) and “3D printing” (3DP) is
continually growing in a broad number of industries throughout the world, from engineering
applications and medical research, to art [1, 2]. While AM has been around for over twenty years,
only within the last decade has it begun to be seen as a critical technology applicable in research
and commercial applications alike. The American Society for Testing and Materials defines AM
as “a process of joining materials to make objects from 3D model data, usually layer upon layer,
as opposed to subtractive manufacturing methodologies [ASTM F2792-12a].” Initially, the
application of AM seemed limited to low quantity “Rapid-Prototyping.” However, the range of
applications has expanded significantly over the years owing to an increased understanding of
both the process and material properties.
In 2014 the Space Exploration Technologies Corp. (SpaceX) unveiled the Dragon V2
capable of producing 16,400 foot-pounds of thrust; in departure from the norm, the combustion
chambers were produced via AM [4]. Koenigsegg even utilized AM technology to print stainless
steel turbocharger exhaust housings with integrated moving components for the One:1 Megacar
[5]. As AM evolves and is integrated into critical systems, it is necessary to understand how
these AM materials behave in abnormal environments. While the mechanical properties of many
materials can be found in a variety of engineering texts and resources, these are typically found
under quasi-static loading conditions. Therefore, it is necessary to develop an understanding of
AM materials and how their production parameters affect performance at elevated strain-rates.
This work aims to characterize the dynamic behavior of AM 316L stainless steel produced
via Powder Bed Fusion (PBF). The effect of build parameters and build orientation under
dynamic compression are investigated, as well as the tensile performance at elevated strain-rates.
These experiments were performed using a compression Kolsky bar (Split Hopkinson Pressure
Bar) and a modified tension Kolsky bar (Split Hopkinson Tensile Bar).
1.1

Advantages and Disadvantages of AM
While initially a niche market, AM has begun to infiltrate various major industries globally.

Traditional manufacturing methods have become more capable with the introduction of CNC
technology, however, large limitations still exist. For example, creating a part that requires
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precise and fully enclosed pores cannot be made with a singular traditional process. Rather,
traditional manufacturing methods (i.e. casting, forging, and machining) must be combined with
a welding or similar process. However, many AM processes can easily complete such a task.
One application where AM excels and traditional methods fail is with lattice structures and
complicated geometries that arise from topology optimization [6-9]. Examples of these
complicated geometries are shown in Figure (1.1) [qualified rapid products]. Such complicated
geometries are not possible with traditional methods, even with the use of CNC.

Figure 1.1: Complex geometry that is impossible to produce with traditional methods, but is
possible with AM.
(accessed from http://www.qualifiedrapidproducts.com/wp-content/uploads/2016/07/Capture.jpg)
Despite having more design flexibility and the ability to produce complex geometries
normally not possible, there are also disadvantages to AM. The use of AM for high quantity
production is often not feasible as the cost can be orders of magnitude higher than traditional
means. For this reason, AM is typically limited to low volume fabrication for specialized
applications. Further, the mechanical properties of AM are often less desirable in comparison to
their traditional counterparts. Therefore it is necessary to develop greater understanding of how
the AM process changes such properties, and using this knowledge improvements to mechanical
performance can be made.
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1.2

Additive Manufacturing of Metals
Metal AM can be classified into three broad categories (although there are many more);

powder bed processes, powder feed processes, and wire feed processes. These processes are
divided based on the raw material configuration, and the method used to form the raw material
into the final component [10].
1.2.1

Powder Bed Metal AM
In powder bed AM systems as the name implies, the raw material is in powder form and is

processed in a way that results in in a layer-by-layer build of a component. The build envelope
consists of an enclosed chamber that is either filled with inert gas such as Argon or Nitrogen, or
is put under vacuum [10]. The metal powder is supplied to the processing area via a hopper or a
reservoir [11] and is flattened by a recoater blade or leveled with a leveling system. The powder
is then melted by laser or electron beam (E-beam), which quickly cools and solidifies. By
scanning the laser or E-beam across an area, the particles are processed to form a solid layer with
a thickness of 20 µm to 100 µm [12]. A layer of unprocessed powder then covers the previous
solidified layer. The process is repeated, resulting in layers melting and solidifying to previous
layers until the build is completed. An illustration of a typical powder bed system is shown in
Figure (1.2). For this study specimens were produced via a powder bed laser system.

Figure 1.2: Typical powder bed system. Reproduced from Frazier [13].
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1.2.1.1 Defects in Powder Bed AM
As with most AM processes, defects are much more common in powder bed AM than
with traditional manufacturing processes. Process parameters such as laser power, scan speed,
fill pattern, part thickness, build orientation, build atmosphere, powder chemistry, particle size,
and powder density greatly affect the distribution, size and type of defects [14, 15]. These defects
include, but are not limited to: porosity, unmelted powder, internal oxides, and residual stresses
[16]. While observations can be made on build quality (i.e. quantification of porosity) due to the
complexity of the AM process optimizing is often dependent on the specific application.
Numerical simulations reveal how these process parameters affect porosity development, grain
structure evolution, and residual stresses during the build process [17-19]. By carefully
controlling the build parameters, properties can be improved for specific applications, but often
result in less desirable traits elsewhere. For example, by increasing laser power while all other
parameters remain unchanged, the porosity of a build can be greatly reduced; but as the laser
power is increased, the ability to produce small, precise features decreases [20]. Therefore,
production via AM processes is typically a balance of optimum mechanical properties, feature
resolution, and build time.
1.2.1.2 Mechanical Properties of Powder Bed Builds
A great area of interest in the AM community is the qualification of components
manufactured by various AM processes. To achieve such a goal, it is necessary to quantify the
mechanical performance of AM parts as well as understanding defect distribution and the
resulting physical properties. Computed tomography (CT) is often used to quantify distribution
of porosity and other defects such as lack of fusion (LOF) [21-26], which can often be correlated
to mechanical performance. This information is often paired with post-mortem analysis of
specimens, where it is commonly observed that failure initiates from such defects under various
loading conditions [21, 23, 27]. In terms of build orientation and process parameters can be
observed, ultimately the multitude of variables introduced during production yield inconsistent
performance. Figure (1.3) demonstrates the variation in tensile performance for AM stainless
steel under quasi-static loading conditions.
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Figure 1.3: Inconsistency in stress-strain response of AM 17-4 Stainless Steel,
comparison to wrought 17-4 consistency. Reproduced from Salzbrenner et al [27].
The stress strain response of AM specimens produced from two different vendors
are depicted in the top two plots, while a comparison to the wrought material
response is shown below.
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1.3

Kolsky Bar
Many materials exhibit rate dependency, meaning that as the loading rate (i.e. strain-rate)

increases, the material exhibits changes in properties such as, yield strength, failure strength, and
elongation before failure. Therefore, it is necessary to characterize materials at elevated strainrates. One such method was developed in 1914 by Bertram Hopkinson; this method utilized the
theory of wave propagation in a rod to measure pressure waves generated by high explosives, or
high velocity impacts of very short duration [28]. Davis further improved this method in 1948,
by utilizing condenser microphones to measure the axial and radial motion of the bars, thus
greatly improving the accuracy of Hopkinson’s method [29]. A year later, in 1949, Herbert
Kolsky developed the Split Hopkinson Pressure Bar. Much like the original design of Hopkinson,
this new approach utilized wave theory to measure the pressure waves in a bar. With the addition
of a transmission bar, the pressure and motion of the bars could be used to determine the
dynamic stress-strain response of a test specimen via 1-Dimensional Stress Analysis [30]. The
techniques used to measure the motion of the bars have evolved over time allowing for more
precise measurements. Rather than using condenser microphones, strain gages and high-speed
oscilloscopes are commonly used. A typical Kolsky bar consists of two bars; an incident bar, and
a transmission bar, with a small specimen sandwiched between the two. It can be configured for
both dynamic compression and tension experiments alike.
1.3.1

Compression Configuration
While Kolsky originally applied a pressure wave to the incident bar via a detonator and

anvil [30], there are many ways to apply this load. Commonly, a gas gun is used to accelerate a
short bar (striker bar) that impacts the front face of the incident bar to generate a pulse twice the
length of the striker [31]. The pulse propagates along the length of the incident bar, where it is
recorded by a set of strain gages. Once the pulse reaches the end of the incident bar it is partially
transmitted through the sample and subsequently to the transmission bar, where the signal is
once again measured with strain gages. It is common practice to include one final bar
(momentum bar) at the end of the transmission bar to ‘trap’ the pulse. The signals measured from
the strain gages allow for the conversion of the pulses to strain of the bar. It is common to have
the strain gages mounted opposite of each other on each bar to cancel out any bending signals

7
that may be present. In a typical Kolsky bar experiment the signals from the strain gages are on
the order of millivolts and thus a signal amplifier is needed to accurately record these low
voltage measurements [31]. The amplified signal is then measured with a high speed
oscilloscope. An illustration of a typical Kolsky bar in the compression configuration is shown in
Figure (1.4).

Figure 1.4: Typical compression Kolsky bar.
1.3.2

Tension Configuration
The Kolsky bar can also be configured to obtain the dynamic tensile behavior of

materials. In this case, a tensile pulse is applied using a striker bar with a modified configuration.
Commonly, a tubular striker bar impacting a flange on the end of the incident bar is used to
generate such a tensile pulse. The tension wave then travels along the bar to the sample, where a
tensile stress is applied [31]. An illustration of this type of tension Kolsky bar configuration is
shown in Figure (1.5). The most prominent difference between compression and tension
experiments is that under tension the specimen must be securely connected to the bars. This can
be achieved through a variety of means; the specimen can be bonded, threaded, or
clamped/gripped. Each of these methods offers advantages and disadvantages. Threaded samples
can easily be mounted and removed from the bar ends, but may be subject to stress concentration
from the threads, and interfere with measured signals due to impedance mismatch. Grips and
Clamps may offer the same benefits and disadvantages for samples that cannot be threaded easily
(i.e. flat samples). Bonding the specimen to the bar ends, if done properly may yield the signals
with the least amount of interference; however, it may be difficult to remove the tested samples
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and remove excess adhesive. This method can also require much longer time between
experiments, as the adhesive/epoxy must be cured properly before the experiment can be
performed.

Figure 1.5: Direct Impact tension Kolsky bar utilizing a tubular striker bar.
1.3.3

1-D Stress Analysis
The reduction of data from Kolsky bar experiments relies heavily on elastic wave theory.

Therefore, the incident and transmission bars must retain linearly elastic behavior to ensure
surface strains are related to the stress in the bars. It is assumed that the waves generated are
planar and propagate in a 1-Dimensional manner. Therefore, stresses and strains of the test
specimen can be related to the strain measurements of the bars from the mounted strain gages.
The experiment is governed by the 1-D wave equation:
!! !
!" !

! !! !

(1)

= ! ! !" ! ,

where u is the displacement in the x-direction, x corresponds to the position along the x-direction,
c is the elastic wave speed (which can be given by

!
!

), and t is the time. The solution to the

governing equation is then given by:
� �, � = � � − �� + � � + �� ,

(2)
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where F is the displacement profile of the rightward (positive x-direction) traveling wave, and G
is the displacement profile of the leftward (negative x-direction) traveling wave.
Strain and Stress for a homogeneous isotropic linearly elastic material can be defined as:
!"

� = !" ,

(3)

and

� = �� ,

respectively.

(4)

where ε is the strain in the x-direction, σ is the stress in the x-direction, and E is the Young’s
modulus of the material. Therefore, this governing equation can then be expressed in terms of
strain as:
!

!! !

!"

!" !

!

= !"

! !! !

,

! ! !" !

(5)

which simplifies to:
!! !
!" !

! !! !

= ! ! !" ! .

(6)

In a Kolsky bar experiment the striker bar impacts the incident bar at one free end, and
therefore only a rightward traveling wave is generated in the incident bar, and only a leftward
traveling wave is generated in the striker bar. ui is the displacement of the incident bar; the
particle velocity of the incident bar can be given as:
�! =

!"!
!"

= �′(� − ��)

!(!!!")
!"

,

(7)

for the striker and incident bars, respectively. Which can be simplified to:
�! = −

1
� ,
�! �! !

(8)

where ρi , σi , and ci are the density, stress, and elastic wave speeds of the incident bar. The same
method can be used to solve for the stress in the striker bar.
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With the same type of waves (i.e. both compression or both tension) traveling in opposite
directions the total stress at time t = 0 can be given as:
� = �!" + �! .

(9)

In a typical Kolsky bar experiment the striker, incident, and transmission bars are
fabricated from the same material with identical cross-sectional areas meaning the stress in both
the incident and striker bars is of the same magnitude. In this special case the stress amplitude of
wave propagating into the incident bar can be simplified as:
!

!

�! = ! � = ! ���!" ,

(10)

where v st is the velocity of the striker bar immedicately before impacting the incident bar. This
same method can be applied as the wave interacts with the bar ends at the specimen location. The
respective stresses from indicent, reflected and transmitted pulses can be given as:
�! = �! � − ��

(11)

�! = �! � + ��

(12)

�! = �! � − ��

(13)

Since the incident and reflected pulses are acting on the same bar, the corresponding particle
velocities from the reflected and incident pulses are superimposed, giving the expression:
�! =

!
!"

�! − �! ,

(14)

Similarly the particle velocity of the transmisson bar due to transmitted pulse can be expressed as:
!

�! = − !" �! ,

(15)

The difference in velocities of the two bar ends is then:
∆� = �! − �! .

(16)
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Therefore, the engineering strain-rate of the sample can be found to be:
�=

∆!
!!

=!

!

!

! !"

�! − �! − �! = ! �! − �! − �! ,
!

(17)

where Ls is the initial thickness of the test specimen in the loading direction. For the case of
compressive stress the strain-rate is negative resulting in negative strain, while in tension it is
positive resulting in positive strain. It is also assumed that the specimen is in dynamic
equilibrium and therefore the forces on each side of the specimen must be the same. That is:
�! + �! = �! ,

(18)

which can be expressed in terms of bar stress as:
�! �! + �! = �! �! ,

(19)

where Ai and At are the cross-sectional areas of the incident and transmission bars, respectively.
Since the force acting on the bar is equal to the force acting on the specimen, this can be
expressed in terms of sample stress. Which is:
!!
!!

!

�! + �! = !! �! ,
!

(20)

with As being the initial sample cross-sectional area. Using the relation of (4) this can be related
back to strain as:
�! �
�! �
�! + �! =
� ,
�!
�! !

(21)

which because Ai is equivalent to At ,which is equal to Abar , results in the relation:
�! + �! = �! ,

(22)

which therefore simplifies (17) to:
�=−

2�
� ,
�! !

(23)
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The strain of the sample can therefore be expressed as:
�=−

!
� ��
!! ! !

!!

,

(24)

while the stress in the sample can be simplified to:
�=

!!"# !
!!

�! .

(25)

Thus the the dynamic stress-strain response of the sample at the strain-rate in (23) can be
formulated with the relations in (24) and (25).
These relations are formulated at the specimen, and therefore the pulses obtained from
the oscilloscope data must be shifted in time to when they are acting upon the specimen. The
axial force postulation must be maintained, and therefore verification of equilibrium is required
for these relations to be applicable. The incident pulse generated during experimentation must be
shaped and tailored to the individual requirements; this includes obtaining a ‘plateau’ in the
reflected pulse indicating a constant strain-rate, removing high frequency oscillations, and
reducing the freqency band of the pulse to obtain a less-dispersive wave. The incident pulse is
conditioned by placing a ‘pulse shaper’ or ‘tip material’ [31] on the strike face of the incident bar.
The pulseshaper will respond to the load being applied and will therefore ‘shape’ the incident
pulse.
1.4

Dynamic Behavior of 316L Stainless Steel

Numerous studies have been performed of the dynamic behavior of a variety of stainless steels,
including 316L.

All stainless steels exhibit some form of rate dependency. However the

underlying mechanisms are not necessarily known although dislocation theory has been applied
in an attempt to understand these effects [32]. Under high rates of loading, deformation of the
sample results in temperature rise within the sample. This process occurs too quickly for thermal
diffusion to take effect, and therefore the heating of the sample is assumed to be adiabatic. This
temperature rise has been shown to lead to an increased percentage of generated and retained
martensite in 300 series austenitic stainless steels [33]. Changes in microstructure due to strain-
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rate and temperature therefore effect the response of materials, which has been shown in
annealed medical grade 316L stainless steel [34], advanced multi-phase steels [35], and a duplex
low density steel [36]. The fracture behavior under Kolsky bar loading has also been investigated
for various steel materials under high temperature environments [37]. Various models have been
used to empirically numerically, and analytically interpret experimental results on strain-rate
sensitivity, hardening, and fracture of steels and stainless steels [38, 39].
1.5

Dynamic Behavior of AM Metals
As AM continues to develop, there exists a need to characterize these materials under

dynamic loading. For applications where impact is of any concern, it is critical to understand
both the strain-rate sensitivity and the associated failure mechanisms. As AM processes develop
it becomes increasingly more likely that AM components can soon be used in many industries
and for many critical applications, and therefore investigations have been performed on AM
materials at high rates. Dynamic compression characterization has been performed on austenitic
stainless steel (304L) [40], FeCr alloy [41], and Ti6Al4V [42] which have allowed for
understanding of how the rate sensitivity of AM materials changes with loading rate. Dynamic
tension experiments have been performed on Inconel 625 [43] and 304L stainless steel [44],
which offer greater information on the rate effect of the materials subjected to dynamic tension,
as well as the failure mode. However, with many different processes and variable parameters,
characterizing a given material system and production method simply provides a few data points.
Many more characterization studies of AM materials are required to truly understand the effects
the AM process has on mechanical behavior. There is also a research gap in observing, in-situ,
how AM type defects may affect failure mechanisms.
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2

EXPERIMENTAL METHODS

The initial focus of this work was to characterize the dynamic compressive and tensile
performance of 316L stainless steel produced by the powder bed fusion process. The effect of
strain-rate, build parameters, and build orientation were to be addressed; and the behavior of
generated defects under sample load observed via high-speed x-ray imaging. However, due to
limitations in X-ray, energy in-situ visualization of compression experiments simply was not
possible. The required specimen geometry for x-ray imaging would have led to buckling of
specimens subjected to compression, and therefore only the effects due to strain-rate, build
orientation, and build parameters for compression experiments were investigated. Likewise, the
large test matrix required to investigate the effects of such parameters was not feasible for
tension experiments subjected to high-speed X-ray imaging. Therefore, only the strain-rate effect
was investigated for these dynamic tension experiments.
2.1
2.1.1

Sample Preparation
Compression Specimens

2.1.1.1 AM Specimens
AM Compression samples were manufactured by Protolabs, Inc. (Maple Plain, MN)
using a ConceptLaser M2 printer. The material used was a powder feedstock of 316L stainless
steel with a particle size range of 10 - 45 µm; the layer thickness of the build was 30 µm.
Samples were designed with a nominal diameter of 6.35 mm and a thickness of 2.54 mm. A
schematic of the samples is shown in Figure (2.1). Two separate builds were made; one set of
samples simply underwent a standard stress relief, and the other set was solution annealed. For
both builds, the cylindrical shaped samples were printed at zero degrees, 45 degrees, and 90
degrees to the build direction (z-direction). Samples and their support material were initially cut
from the build plate by a saw, and then were electro discharge machined (EDM) from the
support to their final size. The EDM cuts provided a high quality surface finish and allowed for
precise geometry. Computer aided design (CAD) representations of the specimens and their
respective layer orientations are shown in Figure (2.2). For the zero degree orientation (Figure
(2.2 A)) the build layers were of circular cross sections, the layers for the 45 degree (Figure (2.2

15
B)) were of semi-elliptical and rectangular shapes, and the perpendicular (Figure (2.2 C))
orientation consisted solely of rectangular layers.

6.35

2.54

Figure 2.1: Nominal dimensions of the compression specimens. Dimensions
shown are in mm.

A

B

C

Figure 2.2: Compression specimen build orientation; A) 0 degree, B) 45 degree,
C) 90 degree. Note that the layer thicknesses in the illustrations are not to true
scale.

16
For each of the three build orientations, three different build parameters were used. To
simplify the effect of the parameters used only the laser power was varied. The hatch patterns,
inert gas, powder, and laser scan speed remained unchanged for the three configurations. A
baseline configuration was formulated by the proprietary expertise of the technicians operating
the printer. This ‘ideal’ configuration was generated to produce specimens that possessed high
dimensional accuracy and near-full density, while minimizing effects such as over melt. From
this baseline configuration the laser power was then lowered and raised by 37.5% of the laser
power utilized for the ‘ideal’ parameter set. The parameter set with lowered laser power will
therefore be referred to as ‘cold’ while the set with raised power will be referred to as ‘hot.’
Aside from the build orientations, geometry, and the relative laser power used for production no
additional constraints were placed on the build process. Therefore, this work is not intended to be
a systematic assessment of the process parameters and their associated mechanical properties;
rather it aims to be a qualitative comparison between the performance of the specimens from the
three parameter sets and three build orientations. The experimental matrix of the production
parameters used and the build orientation for each specimen groups is shown in Table (2.1). All
groups were subjected to four strain-rates: approximately at values of 1000 s-1, 3000 s-1, 5500 s-1,
and 8000 s-1. A small number of each group was also subjected to quasi-static compression at a
strain-rate of 10-3 s-1.
Table 2.1: Experimental Matrix of AM compression samples and their
corresponding build orientations and parameters.

Build Orientation

Process Parameters
Cold

Ideal

Hot

0°

B

H

E

45°

C

I

F

90°

D

J

G
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2.1.1.2 Wrought Compression Samples
For comparative purposes wrought samples were prepared as well. These samples were
fabricated from an extruded rod 316L stainless steel with a diameter of 6.5 mm. The chemistry of
the wrought material is shown in Table (2.2).
Table 2.2: Elemental composition of wrought compression samples. Elements
with greater than one percent composition are shown in bold.

Element

% Composition

Carbon (C)

0.018

Phosphorus (P)

0.035

Silicon (Si)

0.490

Nickel (Ni)

10.090

Copper (Cu)

0.450

Nitrogen (N)

0.052

Titanium (Ti)

0.003

Tin (Sn)

0.013

Tantalum (Ta)

0.001

Tungsten (W)

0.080

Columbium/Tantalum (Cb+Ta)

0.011

Iron (Fe)

68.095

Manganese (Mn)

1.540

Sulfur (S)

0.025

Chromium (Cr)

16.780

Cobalt (Co)

0.242

Molybdenum (Mo)

2.010

Columbium (Cb)

0.010

Aluminum (Al)

0.005

Vanadium (V)

0.050
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Wrought specimens were turned and faced on a lathe to the same nominal dimensions as the AM
specimens shown in Figure (2.1). Only a single set of wrought samples was fabricated, with no
special heat treatment to simplify the experimental matrix. The axial direction of the samples
was oriented in the axial direction of the raw bar material. These were also subjected to the same
five strain-rates and will be referred to as specimen group A.
2.1.1.3 Determination of Specimen Diameters and Thicknesses
Since the wrought samples were fabricated utilizing a turning process the specimen crosssections were very nearly a perfect circle. In fact when measuring the diameter of the specimens
at various rotated angles the diameter only deviated by a maximum of 0.583% from the nominal
dimension. Likewise, the thickness of the samples was also very accurate, with a maximum
deviation of 1.18% from the nominal specimen thickness.
The AM samples were not nearly as consistent or accurate as the wrought samples. This
was likely due to the inherent variation of the AM process including thermally induced
distortions and human error during fabrication. Within the same sample the diameters measured
at various rotation angles varied by as much as 5.9% from nominal.

Therefore, when

determining the diameter of the AM samples, four diametral measurements were taken at
approximately 45 degrees from one another. The average diameter of these four measurements
was then used in the data reduction, where it was assumed that the cross-section was of perfect
circular shape. However, the thickness of the samples was slightly more consistent, varying only
a maximum of 2.86% from nominal thickness.

It is important to note that while these

dimensions were taken with a precise digital micrometer, the samples possessed a large degree of
unquantified surface roughness that may have resulted in an inherent error of the cross sectional
area and specimen thickness.
2.1.2

Stress Relief of Build #1
As previously mentioned, two separate builds of the AM specimens with the three

parameter sets in the three build orientations were made. To ensure removal of the specimens
from the build plate was possible, a small support structure was generated for each specimen.
This structure, composed of the same material as the main build, raises the specimens off the
surface of the build plate slightly allowing for easier removal. This structure also ensured that all
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specimens were manufactured at a similar height in the build direction. Being a powder-based
process, it is not uncommon for large variation in powder density as the build height increases.
Therefore, maintaining a relatively constant elevation from the build plate aids in producing
more consistent parts. However, this structure can be quite difficult to remove, and residual
stress due to large thermal gradients during the build process can make the extraction of the netshaped samples more difficult. Hence, it is common to employ a simple stress relief before the
removal of the specimens. The first build for this study was simply subjected to this stress relief
process, without further processing. All samples of build number one were raised to a
temperature of 593 degrees Celsius for one hour, and then were air-cooled. This then allowed for
the specimens to then be EDM to their final shape. During the build process due to the elevated
temperatures associated with melting the raw powder it is possible for chromium carbides to
precipitate within the sample. These carbides are very brittle and therefore greatly reduce the
resistance to cracking of 316L, however the ‘L’ designation of the material indicates limited
carbon content thus reducing the likelihood of the formation of chromium carbides. It is
important to note that with this low temperature stress relief chromium carbides will still be
retained if present. These specimens were subjected to the same five strain-rates mentioned
before.
2.1.3

Solution Anneal of Build #2
Build number two underwent additional processing to further heat treat the specimens.

These specimens were held at an elevated temperature of 1049 degrees Celsius for
approximately 30 minutes and quickly cooled. By elevating the material to this high temperature,
carbides or other secondary phases are dissolved and transformed back into Austenite. This
removes the effects of any cold working, and is commonly used to provide optimal corrosion
resistance. This typically results in much higher elongation and lower yield and flow stresses.
2.1.4

Tension Specimens
With the intention of performing dynamic tension experiments at the Advanced Photon

Source (APS) at Argonne National Laboratory (ANL) flat dog-bone tension specimens were also
fabricated. Due to limitations in the X-ray and frame-rate requirements for high-speed x-ray
imaging samples needed to be exceptionally thin in the direction of the X-ray beam. Initial

20
feasibility studies were performed at the APS to determine maximum thickness of stainless steel
foils acceptable for experimentation. It was determined that at a thickness of approximately 100
µm the photon flux through the sample was sufficient to identify flaws in the material. Therefore,
specimens were limited to this approximate thickness. While no standards exist for the design of
tension specimens for Kolsky bar experimentation, several design standards do exist for
‘dynamic loading.’ One of such standards is for ASTM D638 Type V specimens. In an attempt
to adhere to existing standards for dynamic experimentation and the rigorous requirements for
experimentation at the APS, specimens were design to reflect a scaled and thinned version of the
ASTM D638 Type V specimen. The specimen design reflected an approximate scaling of 31%
of the standard, while simultaneously being thinned to a nominal thickness of 100 µm. The
drawing for the tension specimens is shown in Figure (2.3).

19.29
5

4

1

3

0.10
R4

Figure 2.3: Tension specimen design for high-speed x-ray imaging. Dimensions
are in mm.
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2.1.4.1 AM Tension Specimens
AM tension specimens were cut from a block of built AM material. Using PBF, a block
of 316L material was built. Due to the high precision capabilities of EDM and the stringent
geometric requirements for experimentation, all geometry was generated from machining. Since
samples were not produced in a net-shaped manner, the typical near surface features were absent.
Typically the contour of a part is scanned at lower energy to bond the powder without risk of
over melt, and then the interior is filled with higher laser power. However, because these
specimens were cut from a block of AM material the near surface defects from the lower laser
power were not present, rather any defects on or near surface were likely due to the EDM
process. The dimensions of the AM tension specimens were extremely accurate; in all specimens
the thickness of the samples was within 5% deviation from the 100 µm target thickness. The
width of the gauge section was also fairly accurate, falling within 2.7% of the target width of 1
mm. Due to surface roughness and the tangent radius the gauge lengths of the sample were
unable to be measured, and therefore it was assumed that the gauge lengths were of nominal
dimension (4 mm) for data reduction. The texture rendered by the EDM surface also aided in the
high-speed X-ray imaging during experimentation.
2.1.4.2 Wrought Tension Specimens
Wrought specimens were EDM from a sheet of 316 L stainless steel that was 0.004
inches thick, giving a nominal thickness of 101.6 µm, 1.6% thicker than that of the AM
specimens. The machined geometry was identical to that of the AM specimens, and yielded
nearly identical deviation from the 1 mm width of the gauge section. The thickness was not as
consistent. Rather, the it deviated a maximum of 12.2% from the nominal thickness of 101.6 µm.
Because only the profile was cut, the surface texture present on the AM samples was notably
absent for wrought experiments. Much like for the AM specimens the determination of the
gauge length was difficult, for the same reasons. Therefore, like their AM counterparts, all
wrought tension specimens were assumed to have a nominal gauge length of 4 mm.
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2.2

Phase-contrast Tomography
Phase-contrast Tomography was performed at beam-line 2-BM of Argonne National

Laboratory’s Advanced Photon Source. 1500 projections were generated for each scanned
specimen as it was rotated 0.1201 degrees between each subsequent projection (rotated from zero
to 180 degrees). A 20 µm thick LuAG scintillator was utilized to convert the image to the visible
spectrum for the camera to record. An optical lens with a magnification of 10X was used to
magnify the image with a corresponding pixel size of approximately 1.4 µm. Each projection
therefore corresponded to a field of view of approximately 3.584 mm X 2.66 mm. The beam-line
scientist, who used his expertise to ensure optimal quality of the scans, configured the x-ray for
both the scanning of tension and compression specimens.
2.2.1

Tomography of Compression Specimens
Two specimens from each AM group (B-J) were scanned; one in the stress-relieved state,

and one in the solution annealed state. Due to the high attenuation by elements in stainless steel
the x-ray was used in the white-beam configuration with the energy set at approximately 58 keV.
2.2.2

Tomography of Tension Specimens
Every AM tension specimen was scanned. Those tested at dynamic rates were scanned

post mortem, while those tested at quasi-static rates were scanned before experimentation. For
the untested specimens projections were in the center of the gauge section. Due the smaller
geometry of these specimens the x-ray was configured to be in the “pink” beam mode with
energy of 40 keV. The pink beam mode consists of a narrowed band of photon frequencies, and
therefore energy losses make it incapable of the energies of the white beam configuration.
2.2.3

Reconstruction of Tomography Data
The raw tomography data was provided in HDF5 format. In this state no information

could be extracted and therefore it was necessary to reconstruct the data. Using the open source
Tomopy reconstruction code, images of the specimen cross-section were generated in the .TIFF
file format..

To obtain quantitative information from the reconstructed images, they were

thresholded and binarized. This method was used in the determination of porosity within the
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compression specimens; this method was employed for tension specimens as well, but was
unable to provide accurate porosity estimations for reasons that will be discussed. Typically, the
layer-wise reconstructions are stacked and used to render a volumetric representation of the
tomography data, however: this can be very computationally expensive.

Due to lack of

computational capabilities, only a select few specimens were reconstructed this way.

The

number of layers used for these 3-D representations were lowered by over 50% to make such a
task feasible with the resources available. However, these representations are not critical in
determining parameters such as porosity count, but rather provide spatial information of the
distribution of such defects.
2.3

Compression Experiments
Compression experiments were performed at quasi-static strain-rates on a servo-hydraulic

material testing system (MTS Model 810, MTS Syst. Corp., Eden Prairie, MN), and at dynamic
strain-rates on a compression Kolsky bar.
2.3.1

Quasi-Static Compression Experiments
Quasi-static compression experiments were performed on each experimental group, (A-J),

and annealed specimens (B-J). Measurements were taken directly from the material testing
system; therefore, it was necessary to calibrate the voltage outputs from the sensors to their
corresponding displacements and loads. For redundancy in measurements, voltage outputs from
the system were collected on an oscilloscope simultaneously. A compressive load was applied at
a strain-rate of 10-3/s, corresponding to a displacement rate of 2.54 µm per second. A selfaligning steel compression platen was fixed to the load cell, while a fixed steel compression
platen was attached to the ram. Pre-existing surface damage on the steel platens warranted use of
additional tungsten carbide platens; not only to ensure proper contact between specimen and
platen, but also to prevent further damage. The tungsten carbide platens used were 12.7 mm in
diameter, with a thickness of 9.5 mm. The specimen was then sandwiched between the carbide
platens, and manually compressed to a preload of approximately 100 Newtons. A diagram
illustrating the experimental setup on the material testing system is shown in Figure (2.4).
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Figure 2.4: Compression configuration of the material testing system for quasistatic experiments.

2.3.1.1 System Compliance
To accurately relate the displacements measured from the system to the associated
deformation of specimens, system compliancy must be accounted. System compliancy is an
unavoidable effect that arises due to deformation of system components. Ideally, the entirety of
the system would be completely rigid; however, it is impossible in practice. As large forces are
applied system components undergo elastic deformation, and any lash within mechanical
systems contributes additional displacements. For experiments where small measurements are
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critical, system compliance can induce large error in the measured deformation of the specimens.
Therefore, the compliancy of the system must be quantified to allow for the correction of data.
The experimental setup was compressed without any specimens to determine the deformation of
the system at corresponding loads. In this case, the maximum load for determining the system
compliance was 30 percent higher than during experiments. The compliancy data can then be
used to relate the deformation of the system to the applied loads, and subtracted from the raw
experimental data to correct the data. The system compliance curve is shown in Figure (2.5 A)
and the uncorrected and corrected data in Figure (2.5 B).

A

B

Figure 2.5: A) System compliancy under applied compression, B) Example of
raw data and the corrected data.
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2.3.2

Dynamic compression experiments
Dynamic compression experiments were performed on a 25.5 mm diameter VascoMax©

350 Maraging steel compression Kolsky bar. The incident bar measures 3.34 m (10 ft – 11.5 in)
long, the transmission 1.524 m (5 ft) long, and the momentum bar measures 1.524 m (5 ft) long.
Several striker bars of varying length were used with decreasing length as the strain-rate
increased. A 609 mm long 19mm diameter striker was used for the 1000 s-1 experiments, a 305
mm long 25.4 mm diameter striker for the 3000 s-1 experiments, a 203 mm long 25.4 mm
diameter striker for the 5500 s-1 experiments, and a 102 mm long 25.4mm diameter striker was
used for the 8000 s-1 experiments. This allowed for varying loading durations in an attempt to
compress specimens to a similar strain at the different strain-rates. Upon impact of the striker
and incident bar (or pulse shaper), a leftward running compression pulse (negative direction, in
the diagram shown, Figure (1.4)) is generated. It propagates until it reaches the free end which
results in a conversion of the pulse from compression to tension. This tensile wave then
propagates in the positive x-direction until it reaches the impact face of the striker bar. Once this
wave reaches the impact face, the striker bar is pulled away from the incident bar, and the
compression pulse applied to the incident bar ceases. The loading duration can be calculated by:
!!
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where T is the loading duration, L is the length of the striker bar, and Cst is the elastic wave speed
in the striker bar. By shortening the length of the striker bars the mass was significantly reduced,
allowing the gas gun to accelerate the striker to higher velocities, and therefore achieve a wide
range of strain-rates. The strains induced from the elastic wave generated were then measured
by two pairs of resistor strain gages; one on the incident bar, and one on the transmission bar.
Each pair of gages was configured in a half Wheatstone bridge, which allowed for the conversion
of measured voltage output to strain with the relationship:
!!!
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where UO and UI are the output voltage and excitation to the bridge, respectively. GF is the gage
factor for the gages. The measured strains can then be used to calculate the specimen’s strain-rate.
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To achieve desired strain-rates a dual pulse shaper technique was employed. The two pulse
shapers used were stainless steel and copper, respectively.
2.3.2.1 Pulse Shaping
The pulse-shaping technique is a methodology that has been adapted to ‘shape’ the
incident pulse generated in a Kolsky bar experiment. Because the reflected pulse behavior is
inherently related to the transmission pulse (i.e. the response of the specimen), the incident pulse
must be formed in a way that results in a nearly constant strain-rate. Recall the strain-rate for a
Kolsky bar experiment is given by the equation:
!!
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which is clearly dependent on the strain signal of the reflected pulse. Therefore by generating a
reflected pulse with a plateau a nearly constant strain-rate can be achieved. Changing the
diameter, thickness, and material of the pulse-shaper, the incident pulse that results in strain-rate
constancy can be formed.
In general, pulse-shaping relies heavily on the stress-strain response of the pulse-shaper.
When the striker bar impacts the pulse shaper, it results in a stress that exceeds the yield stress,
and therefore results in the plastic deformation of the material. As the pulse shaper is deformed
in the thickness direction, as a result the contact area of the pulse-shaper changes. This changing
area therefore results in a modified incident pulse shape. Therefore, the resultant shape is highly
dependent on the flow-stress of the pulse-shaper. Copper in the annealed and semi-hardened
states is commonly used as a pulse-shaper material. In the case of a high strength elastic-plastic
material like 316L stainless steel, the low yield strength of copper may not result in the desired
pulse shape. Therefore, a stronger pulse-shaper is required to shape the pulse. However, a
stronger pulse-shaper generally yields a much higher rate of loading in the initial loading stage.
This results in very high acceleration that is often undesirable for achieving stress equilibrium
and makes achieving a constant strain-rate very difficult. In cases such as these, a dual pulseshaping technique is required to achieve the desired results. This method was used for every
strain-rate in this study, with the exception of the 1000 s-1 experiments. For this single strain-rate,
a single copper pulse-shaper was used. A matrix of the diameter, thickness, and materials used
for the primary and secondary pulse-shapers is shown in Table (2.3), and the strain-rates at
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which they were used. For the lowest dynamic strain-rate, the dual pulse-shaping technique was
not warranted as a single copper pulse-shaper yielded satisfactory results, however, at the higher
strain-rates Pochhammer-Chree oscillations [45, 46] were too high in amplitude, and therefore
strain-rate consistency was not achieved. The dual pulse-shaping technique was required to
obtain satisfactory results. The shape of the pulse was slightly modified by adjusting the
diameter of the secondary pulse-shaper to achieve constant strain-rate.

Table 2.3: Matrix of pulse-shapers used for dynamic compression experiments.

Primary
Pulse-shaper

1000

Strain-rate (s-1)

3000

5500

8000

Secondary
Pulse-shaper
N/A

Thickness:

2.5 mm

Diameter:

9.75 mm

N/A

Material:

Cu 1100 (semi-hard)

N/A

Thickness:

2.54 mm

0.375 mm

Diameter:

11.9 mm

3.5 mm ± 0.8mm

Material:

304 Stainless Steel

Cu 1100 (annealed)

Thickness:

2.54 mm

0.635 mm

Diameter:

15 mm

4.0 mm ± 0.8mm

Material:

304 Stainless Steel

Cu 1100 (semi-hard)

Thickness:

2.54 mm

1.0 mm

Diameter:

17.5 mm

4.25 mm ± 0.8mm

Material:

304 Stainless Steel

Cu 1100 (semi-hard)
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It is important to note that for the highest strain-rate (8000 s-1), with the use of a 102 mm long
striker a constant strain-rate could not be achieved, but rather a smoothed triangular pulse was
achieved. The ‘constant’ regime of this reflected pulse was determined by selecting the small
region of the pulse that was within ten percent of the peak strain-rate. A comparison of all the
incident pulses and their resultant strain-rates (reflected pulse) are shown in Figure (2.6 A), and
(2.6 B), respectively.

A

B

Figure 2.6: A) Generated incident pulses, and B) their corresponding reflected
pulses.
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2.4

Tension Experiments
Tension experiments were performed at quasi-static strain-rates on a servo-hydraulic

material testing system (MTS Model 810, MTS Syst. Corp., Eden Prairie, MN), and at dynamic
strain-rates on a modified tension Kolsky bar at Argonne National Laboratory’s Advanced
Photon Source. In-situ high-speed x-ray phase-contrast imaging was performed at Beam line 32ID.
2.4.1

Quasi-Static Tension Experiments

Quasi-static tension experiments were performed on both AM and wrought specimens.
Displacement measurements were taken directly from the material testing system; therefore, it
was necessary to calibrate the voltage outputs to the corresponding displacements. For
redundancy in measurements, voltage outputs from the system were collected on an oscilloscope
simultaneously. Forces were measured by a 22 kN Type 9212 Kistler© quartz load cell (Kistler ©,
Amherst, NY, USA) amplified via a charge amplifier. Tensile load was applied at a strain-rate of
10-3/s, corresponding to a displacement rate of 4 µm per second. Clamping tension grips were
used to hold the specimens; the clamps contain a small file, which aids in gripping the specimen
to reduce slipping. Two socket head cap screws are tightened to clamp one side of the grips to
the other. Specimens were clamped into the piston ram side clamp, manually raised into position
of the load cell side clamp, and secured to the other load cell. An isometric view of the clamp
assembly and how the specimen is inserted is shown in Figure (2.7). A diagram illustrating the
experimental setup including the data acquisition equipment on the material testing system is
shown in Figure (2.8).

Figure 2.7: CAD assembly of tension grip with dog bone specimen.
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Figure 2.8: Diagram of the experimental setup of the tension configuration on the
material testing system.
2.4.2

Dynamic Tension Experiments
Dynamic tension experiments were performed using a modified tension Kolsky bar. The

incident bar has a length of 2.2 m and a diameter of 12.7 mm and is fabricated from Aluminum
7075-T6; the brass striker tube was 0.43 m in length, with 1mm wall thickness and an outside
diameter of 19 mm. A typical tension Kolsky bar (Recall Figure (1.5)) consists of an incident and
transmission bar. Due to spatial restrictions inside the x-ray hutch, a quartz load cell is used in
place of the transmission bar. This load cell is idealized as a rigid boundary, and hence the
associated displacement and velocity are assumed to be zero. This results in a different method
of data processing, but also necessitates special experimental design. To ensure the displacement
and particle velocity of the load cell is infinitesimally small, the failure load must be small. This
also results in a reflected pulse nearly identical to that of the incident pulse, resulting in a nearly
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constant strain-rate. Unlike a traditional Kolsky bar the strain-rate is no longer dictated by only
the reflected pulse, but rather by both the incident and reflected pulses.
The resulting equations for the reduction of data are then:
�!" = 0 ,

(28)
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(24.M)

(25.M)

where vLC and fLC are the associated load cell velocity and force, respectively. (The .M
designation in the equation indicates it is for the modified Kolsky bar) The same tension grips
for the quasi-static experiments were used for dynamic experimentation. The grips were secured
to the rigid backstop with the attached load cell, and to the sample end of the incident bar. The
specimens were first clamped into the bar side grips and then the bar was slid to the position
closest to the backstop. The position of the backstop was then modified and the other side of the
specimen was secured in the clamp. Due to the consistency of specimen geometry, the position
had to be reconfigured only a single time. Annular pulse-shapers composed of masking tape
were used to remove any oscillations in the signal. Experiments were then performed at three
dynamic strain-rates: 800, 1300, and 1650 s-1. These rates cover a wide range of the strain-rates
achievable using the in-house air supply at beam line 32. used The same quartz load cell and
charge amplifier assembly was used to record force history under the applied load. High-speed
X-ray imaging was performed for each experiment.
2.4.2.1 High-speed Phase Contrast Imaging
High-speed synchrotron phase contrast imaging (PCI) was used to record the in-situ
failure initiation and propagation of AM and wrought 316L stainless steel tension specimens.
This method has been used to observe the various failure mechanisms in a multitude of materials,
including: High performance fibers [47], geological materials and concrete [48], energetic
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composites [49], biological materials [50], glass plates [51], silicon micro-beams [52], fiber
composites [53], and sand particles [54]. With the porosity and other defects that are common in
additively manufactured materials, the use of x-ray imaging was a natural choice to observe the
effects these flaws have and the mechanisms behind failure.
At the APS electrons are produced by heating a cathode to greater than 1000 degrees
Celsius, where they are then linearly accelerated to relativistic speeds (99.999+% the speed of
light). The electrons are then injected to the synchrotron booster, where they travel along an oval
track of electromagnets, furthering their acceleration. Once attaining substantial energy, the
electrons are then injected to a storage ring of a 1104 meter circumference. In standard mode (the
mode used in this study), 24 electron bunches of 33.5 picoseconds duration circulate the ring 153
nanoseconds between one another. Each bunch contains a nominal current of 4.25 milliamps,
which can then be converted to electromagnetic radiation in the form of X-rays. For use at
various beam lines, electrons are ejected tangent to the storage ring to experimental areas known
as X-ray hutches. At beam line 32 ID B (where this work was performed) an insertion device is
used; this device, an undulator, oscillates the electrons emitted from the ring resulting in a
collimated ‘beam’ of emitted X-rays. A benefit of the undulator is the narrow energy spectrum
for the photons produced. The X-ray beam is then brought to the correct size with the use of 2D
slits. A series of shutters block the X-ray beam to ensure the safety of experimenters and
laboratory personnel during experimental setup. During experiments these shutters must be
precisely timed to ensure they are open simultaneously while the event takes place, and the
camera is recording. The X-rays pass through the experimental material at an approximate
frequency of 6.5 MHz.

The refracted X-rays then travel to a scintillator where they are

converted to visible light for the camera to record. The visible light reflects off an optical mirror
and through an optical lens that allows for the magnification of the image produced by the
scintillator (in this case the lens was of 5X magnification). A high-speed camera (Shimadzu
HPV-X2, Shimadzu©, Kyoto, Kyoto Prefecture, Japan) is used to record the magnified image.
This setup was superimposed with a modified tension Kolsky bar to allow for in-situ
visualization of the deformation and failure of the dog bone specimens specified under dynamic
tensile loading. A schematic of the storage ring and corresponding X-ray equipment is shown in
Figure (2.9), and the schematic of the modified tension Kolsky bar in Figure (2.10).

34

Figure 2.9: Schematic of the APS storage ring and corresponding X-ray
equipment used during high-speed imaging.
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Figure 2.10: Schematic of the modified tension Kolsky bar used for high-speed
phase contrast imaging in the hutch of 32-ID-B at the APS.
A remote firing system was used to simultaneously accelerate the striker tube and open
the required shutters for the X-ray. Delay generators were used to ensure proper shutter timing;
the slow shutter takes 10 ms to open, remains fully open for 33 ms, and takes 10 ms to close.
The fast shutter takes 1 ms to open, remains fully open for 1 ms, and takes 1 ms to close. This
very small window demonstrates the criticality of proper delays during experimentation. The
high-speed camera was triggered directly from the semi-conductor strain gages mounted to the
surface of the incident bar. Any delay needed for the camera trigger was implemented in the
Shimadzu control software. By controlling all these delays it was ensured that the shutters were
open, the camera was recording, and the event of interest were all occurring simultaneously.
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3

3.1
3.1.1

RESULTS AND DISCUSSION

Compression
Tomography Reconstructions
Reconstructions of the tomography data revealed very high disparity between the build

qualities of compression specimens. The resolution of each cross-section was 1.4 µm per pixel,
and therefore defects smaller than this were undetectable. Specimens produced with the ‘cold’
build parameters contained porosity orders of magnitude higher than those with the ‘ideal’ and
‘hot’ build parameters. A large number of unmelted particles could also be seen in all three build
orientations for the highly porous ‘cold’ parameter data set. Pores were observed to be of highly
irregular shape; the combination of the unmelted powder and the irregular shape of the porosity
indicates that the defects were due to lack of fusion. Selected cross-sections of the tomography
reconstructions are shown in Appendix A. Porosity calculations were performed by applying a
threshold to the images and converting to a binary representation. These images contained a high
degree of small outliers that could be attributed to imperfections in the reconstruction process.
These anomalies were much more pervasive near the center of rotation. To account for these
outliers, any standalone one-dimensional features below 8 pixels (11.2 µm) in length were
filtered from the image. While defects smaller than this are possible, their associated volume
fraction in the component were minute when compared to the large pores. However it should be
noted that this filtering may contribute to error when determining porosity. Subsequently, a
nominal porosity value was calculated by determining the percentage of pixels with a numerical
value of zero (i.e. black color) in each layer and averaging the results. A circular mask was
applied to the images, eliminating any data that was not within the imaging window at all
rotation angles. This mask contributes to the pixel counts of value zero, and thus needed to be
accounted for. The count of black pixels for the mask alone was subtracted from the processed
images, resulting in dark counts solely from the pores. This process is shown in Figure (3.1),
where the initial image with a high contrast and brightness value is shown in (A), the binarized
image in (B) and finally the filtered image in (C), the image used to account for the mask is
shown in (D). While the porosity counts did vary slightly with build orientation for the ‘cold’
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parameters, the variation was below 6% making it difficult to observe visually, and with no
readily apparent trend. After conversion of the image into binary format (i.e. white and black
pixels only) it was more difficult to distinguish where unmelted particles were, as they appeared
to clump together in shapes not representative of particles. There was also no notable difference
observed in the solution annealed and stress relieved specimens.

A

B

C

D

Figure 3.1: Selected cross-section of tomography data. A) initial image, B) binary
image, C) filtered image, D) mask used to account for dark surrounding area.
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The dark pixel counts for the displayed image are: 26.965 % for Figure (3.1 C) and 22.363 % for
(D), resulting in a porosity calculation of 4.602 % for the selected slice. All 1900 slices for each
sample were processed this way allowing for the calculation of the porosity in the sample. This
method was used for all compression specimens, the resulting porosity calculations are shown in
Table (3.1).
Table 3.1: Porosity calculations for each experimental group from the
tomography reconstructions.

Group

Porosity %
Solution Annealed

Stress Relieved

B

4.716

4.558

C

3.983

4.246

D

4.462

4.198

E

0.209

0.126

F

0.188

0.142

G

0.109

0.212

H

0.134

0.177

I

0.138

0.096

J

0.167

0.106

It can be noted that while the nominal porosity values are similar between the ‘ideal’ and ‘hot’
parameters, unmelted particles were not observed at all in the ‘hot’ parameter set. While rare,
there were instances of unmelted particle inclusions in the ‘ideal’ parameter set, but they are
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much smaller in size compared to those observed in the ‘cold’ parameters set. The samples that
contained such defects in the ‘ideal’ set contained larger porosity relative to the rest of the
sample groups. Due to the limitations of the scanning window only a small fraction of the overall
volume could be analyzed. Ideally, any porosity calculations would be performed over the entire
specimen, with more than one specimen per data set being analyzed. It is well known that
density gradients can arise in specimens; which would not be accounted for using this method of
scanning a small region.
3.1.2

Stress-Strain Response

3.1.2.1 Validation of Results and Data Reduction
The generated stress-strain response of group A is represented in Figure (3.2). Recall that
Group A is the wrought group, solely tested for comparative purposes. Each curve represents a
minimum of twelve experimental curves, with the exception of the quasi-static curve, which
represents five individual experiments. The compliance correction method previously described
was used to generate the results for the quasi-static experiments. The wrought material does
exhibit strain-rate sensitivity that is consistent with data that has previously been reported [34,37].
The overly round curve shape for strain-rates of 5500 and 8000 is likely due to the curvature of
the incident and reflected pulses. The length of the striker and the pulse-shaping method used in
this work contributed to these pulse shapes.
The curves are represented in terms of true-stress and true strain, which were calculated
from the engineering strain from the data reduction method and the relationships:
�!"#$ = �!"# 1 + �!"# ,
�!"#$ = ln 1 + �!"# ,

(29)

(30)

These relationships can be easily derived from isochoric assumptions associated with plasticity.
While the stress-strain curves are presented in the first quadrant, the stresses and strains are
actually negative. In the case of compression, the stresses and associated strains are negative this
resulting in a cross-section that increases in size.
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Figure 3.2: Stress-Strain response of wrought samples.

3.1.2.2 Rate Sensitivity under Compression
The stress-strain curves for the other experimental groups (B-J) for both solution
annealed and stress-relieved specimens are included in Appendix B.
In general, all sample groups were found to exhibit similar strain-rate sensitivity. A plot
of the yield stress vs. strain-rate is shown in Figure (3.3). The yield strength did vary with each
set of specimens, for which general trends could be observed. For lower strain-rates the solution
annealed samples displayed significantly lower yield strength, and hardening behavior. As
strain-rate increased the difference between the solution annealed and stress relieved samples
diminished.

At the highest strain-rate (8000 s-1) the annealed specimens possessed higher

strength than the stress relieved specimens. This can be seen for all orientations and process
parameters. A general plot of yield stress vs. strain-rate and a detailed plot of the yield stress vs.
strain-rate for only dynamic experiments are shown in Appendix B.
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Figure 3.3: Plots of Yield Stress vs. Strain-rate.
A general trend can be observed with respect to process parameters. In nearly every case,
with the exception of a few outliers, the groups processed with the ‘hot’ parameters, possessed
the highest strengths of the AM specimens. The ‘ideal’ parameter groups fell slightly below this,
and the ‘cold’ specimens had significantly reduced strength. A dip in yield stress from 3000 s-1
to 5500 s-1 was observed for many groups. While the yield strength is commonly used to
quantify rate-sensitivity, in this work the yield stress was reached at constant strain-rate in only
the lower strain-rate experiments. For the experiments at constant strain-rate of 5500 s-1 and
8000 s-1, deformation was well within the plastic regime; meaning that the yield strength does
not necessarily correlate to experimentation at that rate. Therefore it is also necessary to observe
the flow stress at a specified strain for each strain-rate. It is paramount to ensure that every
specimen group being analyzed attains the strain specified at constant strain-rate. For this reason
a comparison of the strength was performed at a strain of 20 percent. The plot is shown in Figure
(3.4).
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Figure 3.4: Plots of flow stress at 20% strain vs. strain-rate.
This comparison yields much better results than the plot of yield stresses. With this comparison
no “dips” in the trend lines exist, which for several groups are present in the yield stress plot.
This approach also confirmed the hypothesis that the annealed specimens are more sensitive to
strain-rate than the stress-relieved samples. Further, it was determined that a linear curve fit best
represented the data; the rate sensitivity results are shown in Table (3.2). The strain rate
sensitivity corresponds to the slope of the linear trend line for each specimen group.
While it is readily apparent that the rate sensitivity of solution annealed specimens is
significantly higher than the stress relieved samples, there are other trends that form with respect
to the build orientation and production parameters used.

The stress strain curves of the

specimens are represented in terms of build parameters, build orientation, and the heat treatment
(i.e. stress relieved vs. solution annealed) in Appendices C, D and E, respectively.
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Table 3.2: Linear rate sensitivity of each sample group.

Sample Group

Strain-rate sensitivity (kPa/𝜀)

A (Wrought)

42.0

B (Cold, 0°, stress relieved)

31.5

C (Cold, 45°, stress relieved)

31.9

D (Cold, 90°, stress relieved)

44.2

E (Hot, 0°, stress relieved)

38.8

F (Hot, 45°, stress relieved)

32.4

G (Hot, 90°, stress relieved)

39.9

H (Ideal, 0°, stress relieved)

44.9

I (Ideal, 45°, stress relieved)

45.1

J (Ideal, 90°, stress relieved)

54.0

AB (Cold, 0°, solution annealed)

61.2

AC (Cold, 45°, solution annealed)

59.0

AD (Cold, 90°, solution annealed)

65.4

AE (Hot, 0°, solution annealed)

68.4

AF (Hot, 45°, solution annealed)

66.8

AG (Hot, 90°, solution annealed)

71.5

AH (Ideal, 0°, solution annealed)

63.3

AI (Ideal, 45°, solution annealed)

56.4

AJ (Ideal, 90°, solution annealed)

68.6
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3.1.2.3 Process Parameter Dependency
In general the ‘cold’ build parameters yielded significantly lower strength in comparison
to the ‘ideal’ and hot parameters. The ‘cold’ parameters also resulted in lowered strain-rate
sensitivity for most cases, however the change in strength was much more prominent. Similar to
metallic foams and other porous materials with relative density greater than 70%, the porosity
can be accounted for with the linear rule of mixture (ROM). However, in this case accounting for
porosity of less than five percent only resulted in slightly higher strength, and the general trends
remained the same. Generally, the ‘hot’ parameters possessed the highest strength, but not
necessarily the highest rate sensitivity. As a group, the stress relieved specimens produced with
the ‘hot’ parameters displayed moderate sensitivity, slightly higher than the stress relieved ‘cold’
group, but lower than the stress relieved ‘hot’ group. However, for the solution annealed ‘hot’
specimens the rate-sensitivity was the highest out of the three parameter groups. The disparity
between the two likely occurred due to secondary phase or carbide presence in the stress relieved
group that “desensitizes” the material to the increasing strain-rates.

Obviously, these

phases/carbides are not initially present in the solution annealed group, and therefore the
sensitivity remains higher.
3.1.2.4 Build Orientation Dependency
The dependency on build orientation if any, is much less obvious than the effect of
process parameters. However, in nearly all cases the specimens produced at an orientation of 90
degrees from the build direction displayed the highest strength. These specimens also displayed
anisotropic plastic deformation, with extensive deformation occurring in the build direction
(normal to layer deposition). An image depicting this behavior is shown in Figure (3.5 C). Also
seen in this image is the deformation of the specimens produced at zero degrees (A) and 45
degrees (B). Additional images of the undeformed specimens (prior to experimentation) are
shown in Figure (3.5) for build orientations of zero degrees (D), 45 degrees (E), and 90 degrees
(F). This deformation behavior did not appear to vary with production parameters or the heat
treatment applied.
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A

B

C

D

E

F

Figure 3.5: Photographs of specimens: deformed specimens at A) 0°, B) 45°, C)
90°; their undeformed counterparts at D) 0°, E) 45°, F) 90°.
The specimens deformed into an elliptical shape with maximum diameters of : 1.52 times the
minor diameter for the 90 degree build orientation, 1.08 times the minor diameter for 45 degrees,
and were of circular shape for specimens produced at zero degrees.
3.1.3

Effect of Solution Anneal
As mentioned before the heat treatment applied to the specimens greatly affected their

behavior. The yield and flow stresses of the solution annealed specimens were significantly
lower than their stress-relieved counter-parts at low strain-rates, but significantly higher at high
strain-rates, which resulted in a much higher rate sensitivity. The sensitivity was also shown to
have increased with increasing laser power (i.e. from cold to ideal to hot), unlike the stress
relieved specimens.

It is possible that the increase in the laser power promoted phase

transformations or possible microstructural defects (i.e. inclusions, embrittlement, etc.) occur
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within the part, which leads to a lessened rate sensitivity. By bringing the specimen back to
solution, these defects are then dissolved and the resulting rate sensitivity is increased.
3.1.4

General Discussion for Compression Experiments
In general, the strain-rate sensitivity of a material represents the degree of effect that

strain-rate has on the flow stress. In other words, the flow stresses of the solution annealed
specimens increases more rapidly with increasing strain-rate in comparison to their stress
relieved counterparts. While no microstructural quantification was performed in this study, the
findings in other work can be used to rationalize such behaviors. Strain hardening can be
attributed to the structure of obstacles that mobile dislocations in a material must overcome [57].
The activation energy required for dislocations to overcome obstacles has been shown to
decrease with strain-rate, and therefore as more barriers are present the flow stress in the material
increases [34]. Hence, the strain-rate sensitivity or strain-rate hardening can be attributed to such
interactions between mobile dislocations and obstacles. It can therefore be inferred that in the
case of the solution annealed specimens, a heightened number of these interactions occurs which
leads to the higher rate sensitivity. That is, the dislocations being generated (dislocation sources)
during loading undergo increasing interactions with obstacles and outnumber dislocations being
consolidated by various means (dislocation sinks). This ‘binding’ behavior of dislocations results
in flow stresses that are more sensitive to the rate at which loading occurs. However, as
mentioned previously this only remains a hypothesis for this work, as additional research must
be conducted to either confirm or deny these statements. Quantifying the dislocation density of
specimens within each sample group would potentially allow for definitive conclusions to be
drawn. This effect of dislocation processes and strain localization has been investigated in AM
Inconel 718 [58], and crystal plasticity models have been used to explain its mechanical
performance, as well the roles that pores and other defects play [59]. Such approaches can be
used to more concretely explain the fundamental mechanisms behind the observed behavior for
this study.
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3.2
3.2.1

Tension
Tomography Reconstruction
Tomography reconstructions of the AM dog-bone type specimens reveal porosity and a

high degree of surface roughness, which are shown in Figure (3.6). This image also illustrates a
number of problems that were present in the reconstructions.

“Static” artifacts

“Ray” artifacts

Figure 3.6: Cross-section of tomography reconstruction of AM tension specimen.
Due to specimen geometry, a high degree of variation in the transmitted intensity
occurred during the rotation of the sample. When the width of the specimen was parallel to the
direction of the beam, the amount of material the beam had to pass through was ten times that of
when the thickness of the specimen was parallel to the beam (x-ray must travel through 100 µm
of stainless steel) and therefore the brightness of projections was highly non-uniform. This
resulted in “ray” and “static” type artifacts within the reconstructions. The “ray” artifacts appear
as bright regions that radiate from the surface of the scanned specimen, and the “static” artifacts
appear as a dark, grainy, randomly dispersed region near the center of rotation. Using the same
methods to process the images as described for compression specimens, leads to a large degree
of error. The “rays” appear to be material that is not actually present, and the “static” appears to
be porosity that may or may not be present. In the scans of tension specimens, pores are greatly
reduced in size compared to those of the compression specimens, therefore making it difficult to
identify a critical size threshold for defining what is and is not a pore. Even if the “static” were to
be processed correctly, there would be error from the “rays” that would yield computed porosity
values that are significantly lower than what was actually present. Because of these artifacts, no
quantitative analysis could be performed on the tension specimens, but rather the cross-sections

48
can be used to illustrate the occurrence of porosity within the specimens in a purely qualitative
manner.
3.2.2

Stress Strain Response - AM
Figure (3.7) presents the average stress-strain behavior of the experiments on the AM

samples performed at the APS and the AM specimens loaded under quasi-static conditions. Each
curve represents the average response of five experiments performed under nearly identical
conditions.

Figure 3.7 : Stress-strain plots of AM tension specimens.
The three strain-rates performed at the APS were achieved by firing the gas gun for the striker
bar at 25, 50, and 75 psi for 800, 1300, and 1650 s-1, respectively. The red error bars reflect on
the variation of the failure measurements at catastrophic failure (complete loss of load). The
vertical error bars correspond to the one standard deviation from the average curve immediately
before catastrophic failure. The horizontal bars display the 50 percent confidence interval for the
strain at catastrophic failure. The plots for each individual strain-rate are provided in Appendix
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F. Much like the work of Salzbrenner et al. [27], under quasi-static loading conditions the AM
samples displayed highly inconsistent elongation before failure. However, the yield stress and
hardening behavior under quasi-static conditions were nearly identical. This indicates that at low
rates defect density, size, and distribution play a critical role in the failure of the specimen, which
is commonly agreed upon.
Under dynamic loading this behavior changed completely. Rather, the failure strain
became more consistent, and the load during failure varied substantially.

This variation

decreased as the rate increased, indicating that at very high rate the effect of defect size and
orientation (within reason) diminishes. The general behavior of all AM experiments remained
very similar; after initial load increase as sharp decrease in stress was observed and then load
once again increased until failure initiation.

Figure 3.8: Log plot of peak stress vs. strain-rate.
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Figure 3.9: Linear plot of peak stress vs. strain-rate.
Similar to the compression results, a linear sensitivity applies best to the AM tension samples.
For these specimens the rate sensitivity is determined to be 140 kPa/𝜀 from the log plot of the
peak stress vs. strain-rate in Figure (3.8), and the linear plot of peak stress vs. strain-rate in
Figure (3.9). Normally, for samples that exhibit similar strain-rate behavior, as the peak stress
increases the elongation before failure decreases. However, for the AM samples, this is not the
case; the breaking strain remains relatively constant. It is likely that the rate dependency of the
specimens is due to the material from which it is manufactured, and the breaking strain is
dependent on the defects within the sample. From these defects failure is initiated prematurely,
and therefore the true breaking strain of the ‘material’ is not observed, but rather instability
dominates failure.
The morphology of the failure surface was observed using a field-emission scanning
electron microscope (FESEM) (FEI NOVA, Nano SEM, USA). The micrographs verified that
the failure mechanisms remained constant in the AM specimens regardless of loading rate. Large
voids can be seen on the surface, with indications of large degree of micro-void coalescence.
These features are typical of ductile failure and further reinforce the observations from the high-
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speed video and the reduced data from the Kolsky bar experiments. A micrograph of the
dimpled surface is shown in Figure (3.10).

Figure 3.10: Scanning electron micrograph of ductile dimples on failure surface
of AM specimen.
This behavior remained constant throughout all strain-rates, which is reinforced by the
similar failure strains under dynamic loading conditions. In several regions of the fracture
surface large pores are seen, with several containing unmelted powders. Energy dispersive Xray spectroscopy (EDS, Oxford Instruments, Palo Alto, CA) scans of these pores present
elemental heterogeneities within the material. Pictured in Figure (3.11) is an elemental map of a
pore with a particle inclusion. The energy reading indicates the particle inclusion is composed
mainly of Manganese and Chromium, while the parent material displays a composition that is
expected of 316L stainless steel. The pore measures approximately 9 µm horizontally and
approximately 4 µm vertically.
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Figure 3.11: EDS scan of failure surface of AM specimen containing a particle
inclusion.
Not all pores possessed particle inclusions, therefore they had an elemental composition
similar to the surrounding material. This means that the failure initiation site was due to
geometry effects (stress concentration at pores) rather than chemical mechanisms (i.e. grain
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boundary embrittlement from sulfur). For all specimens failure occurred in a more gradual rather
than a catastrophic manner, which was validated with the use of high-speed X-ray imaging.
3.2.3

High-speed X-ray Imaging – AM
X-ray imaging enabled high quality observation of porosity and the initiating

mechanisms of failure within the AM samples. While most samples possessed similar
appearance with respect to observable pores (greater than one pixel ~ 6.4 µm), one sample was
clearly of much lower build quality. Depicted in Figure (3.12) is the comparison between the
“normal” specimen A) and the “low-quality” specimen B). The pores are indicated by bright
spots within the dark specimen. The pores are indicated by bright within the dark specimen.

AA

BA

Figure 3.12: Porosity comparison of 'normal' A) and 'low-quality' specimens B).
However the lighter gray area in the middle should not be confused with a heightened
degree of porosity in the middle of the image. Rather, this increase in brightness in the middle is
due to the Gaussian distribution of the intensity of the x-ray beam. Tension was applied in the
leftward direction of the images, pulling the left end of the specimen. The black regions above
and below the imaged area section of the gauge section are the beam slits that were purposely
positioned to limit the area of the scintillator bombarded with photons not attenuated by the
specimen. The surface roughness of the AM specimens aids in visualizing the deformation
during loading.
In all 15 experiments that were performed, failure initiated from one of these pores,
gradually progressed in a mechanism similar to ‘tearing.’ In many of these experiments a
banding-type behavior can be observed. The appearance of these bands mirror shear bands, but
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is not necessarily oriented in the direction of maximum principle shear. The highly elongated
grains in the rolling direction of the sheet (horizontal in image) likely are the cause of the
deviation from 45 degrees. A timeline image sequence of the ‘normal’ specimen is shown in
Figure (3.13). A timeline image sequence of the ‘low-quality’ specimen is shown in Figure
(3.14).

t = 0 µs

t = 64 µs

t = 107 µs

t = 115 µs

t = 121 µs

t = 161 µs

Figure 3.13: Image sequence of Experiment 1 at 800 s-1. Failure initiation site is
circled in red.
For experiment 1 (Figure (3.13)) the failure initiated from a pore near the edge of the
specimen. Initially, the pore seems very small, but as time progresses the pore can be seen to
expand until localized yielding near the site occurs, and finally the specimen tears across the
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sample from the pore site. Experiment number 2 yielded very similar results, however contrary
to experiment 1 the ‘pore’ acts as a blunted edge crack from where failure initiates. A lesser
degree of localized yielding is observed for this ‘low quality’ specimen.

t = 0 µs

t = 33 µs

t = 69 µs

t = 85 µs

t = 114 µs

t = 126 µs

Figure 3.14: Image sequence of Experiment 2 at 800 s-1. Failure initiation site is
circled in red.
While all the high-speed videos reveal very similar mechanisms for initiation and failure
propagation, the forces measured by the load cell provide quantitative data on the rate
dependency of the AM tension specimens. As shown earlier the peak stress before the sharp drop
in load does increase with rate, and so does the average stress immediately prior to catastrophic
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failure. The image sequences for all AM experiments performed at the APS are shown in
Appendix G.
3.2.4

Stress-strain Response – Wrought
The wrought experiments yielded results different from their AM counterparts. Rather

than observing typical rate-dependency, an inverse dependency was observed. The actual
properties of the sheet were unknown. In order to maintain consistent dimensionality, the
material was heavily cold worked. This is reflected in the stress-strain curves at the recorded
yield under quasi-static conditions. The results of the tension experiments are shown in Figure
(3.15). Each curve represents five individual experiments performed at nearly identical
conditions, save the quasi-static curve which only represents four experiments. This reduction in
number of experiments likely did not change any of the results; under quasi-static conditions
results were very similar.

Figure 3.15: Stress-strain plots of wrought tension experiments.
Once again the red error bars reflect on the variation of experiments at catastrophic
failure.

The vertical error bars depict a standard deviation above and below the stress

immediately prior to catastrophic failure. The horizontal error bars correspond to the 50 percent
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confidence interval of the strain at catastrophic failure. In general, the curves exhibit much lower
plasticity than the AM specimens due to the high degree of cold working. The stress-strain
curves at each strain-rate are shown in Appendix F. These curves resulted in a strain-rate
sensitivity that is not typical of stainless steels, and therefore needs to be reassessed. The
decrease in failure strain with increasing strain-rate has been observed in prior studies [55,56].
However, the decrease in peak stress is not consistent with literature. This behavior is likely a
combination of the cold worked condition of the material and the geometry of the specimen. As
the breaking strain decreased the very thin, cold worked specimen was unable to strain in the
transverse direction, and therefore resulted in premature fracture. The linear rate sensitivity of
the wrought tension experiments is plotted in Figure (3.16). The logarithmic plot of the rate data
is included in Appendix F.

Figure 3.16: Linear rate sensitivity of wrought tension specimens.
In this case the sensitivity of the wrought specimens is found to be negative 240 kPa/𝜀.
The disparity in the behavior of the AM and wrought samples makes comparisons of the
two not feasible. To allow for an accurate comparison, wrought samples that have been annealed
should be used. This will ensure that the material has not been hardened to a degree that results
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in strange behavior like shown in these experiments. While this quantitative data is not relevant,
meaningful qualitative information was provided from the high speed imaging of the specimens.
3.2.5

High-speed X-ray Imaging – Wrought
Similar to the AM tension experiments, in-situ x-ray imaging was performed during

experiments on the modified tension Kolsky bar at the APS. Less information is offered from
the images of the wrought tension specimens. Due to the smoothness of the surface, the
deformation of the specimen cannot be observed as easily as for the AM samples. However,
similar to the AM experiments, localized yielding prior to failure can be observed. A timeline
image sequence of one experiment is shown in Figure (3.17). The rest of the wrought image
sequences are shown in Appendix G.

t = 0 µs

t = 60 µs

t = 71 µs

t = 73 µs

t = 82 µs

t = 86 µs

Figure 3.17: Image sequence of wrought experiment at 1300 s-1. The dashed line
indicates the orientation of the failure surfaces.
It can be seen that the specimen fails in a uniform manner rather than the ‘tearing’
behavior which was observed in the AM specimens. In all wrought experiments at dynamic rates,
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the failure surface was oriented at a 60 degree angle (± 1.3 degrees) from the loading direction
indicating mixed mode failure. In contrast, the failure surface was oriented normal to the loading
direction for specimens under quasi-static loading conditions. The rotation of the failure surface
is due to the formation of adiabatic shear bands [55,56]. Under quasi-static rates, diffusion is
able to occur, and therefore shear bands do not form. However, under dynamic rates the process
happens much too quickly for thermal diffusion to take place, and the process is considered
adiabatic. The failure surface orientation for quasi-static rates is shown in Figure (3.18 A), and
for dynamic rates (B).

A

B

Figure 3.18: Failure surface orientation of wrought specimens for quasi-static
rates A), and dynamic experiments B).
Scanning electron micrographs reinforce the behavior observed by the high-speed videos. For
quasi-static experiments, the failure surface appears as a standard dimpled surface associated
with ductile failure (Figure (3.19)). While the surfaces for the dynamic experiments show
directional dimples associated with ductile shear failure (Figure (3.20)).
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Figure 3.19: Scanning electron micrograph of wrought specimen under quasistatic loading.

Figure 3.20: Scanning electron micrograph of wrought specimen under dynamic
loading. The arrow indicates the aligned direction of dimples.
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3.2.6

General Discussion for Tension Experiments
It is evident that the macroscopic behavior of the AM and wrought 316L tension

specimens differed vastly, however microscopically their behavior is quite similar. In both the
AM and wrought specimens, regardless of strain-rate, failure was indicated to be ductile in
nature, by the presence of dimples on the fracture surface. This can be explained in a simple
manner. Intrinsic second phase particles, or defects of some kind (oxides, carbides, porosity)
within the material allow for the creation of a free surface within the material, by either interface
decohesion or particle cracking [60]. Increasing hydrostatic stress applied at these nucleation
sites results in void growth, which eventually leads to a macroscopic flaw as these voids interact
with each other. At some critical void size (which is dependent on the density of such voids)
local plastic instabilities occur between neighboring voids (microscopic necking behavior),
which eventually lead to coalescence of voids and resulting failure. While a failure mechanism
transition has been observed in some materials at elevated strain-rates, in the case of this study
no transition was observed. This is because the number of ‘particle’ inclusions within the
wrought and AM material are sufficient to induce nucleation, growth, and coalescence of
microvoids. This can once again be explained by dislocation theory. A model developed by
Goods and Brown takes into account dislocations present near the particle interface, and
estimates the elevation of local stresses surrounding the particle [61]. Such particles that have
the potential to nucleate were clearly observed on the fracture surface of the AM specimens
(Recall Figure (3.11)), however these large particles are not clearly evident on the fracture
surface of the wrought specimens. These ‘particles’ are much smaller, and therefore more closely
spaced. This means that instability occurs soon after voids nucleate, thus aligning with the
minimal plasticity observed in this study. However, in the case of the AM specimens these
particles are much larger, and therefore grow more readily, and require increased strain to induce
the local instabilities required to initiate failure. Like with compression experiments, further
research may allow for more concrete conclusions. Observations of dislocations at or near the
surface of particles can provide invaluable information to the behavior of the wrought specimens,
which did not behave macroscopically as expected. However, the AM material behavior aligns
well with trends that have been observed in the past.
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4

CONCLUSIONS

Compression experiments were performed on additively manufactured 316L stainless
steel to determine the effect of build orientation, build parameters, heat treatment, and strain-rate
effect. In general the ‘cold’ production parameters exhibited the lowest strength, while the ‘hot’
parameters the highest strength. Specimens produced with the ‘hot’ production parameters
possessed up to a maximum of 12 percent higher strength than those produced with the ‘ideal’
parameters, and up to a maximum of 17 percent higher strength than those produced with ‘cold’
parameters. The strain rate sensitivity was also found to be dependent on the process parameters
and the heat treat applied. Moderate sensitivity was displayed by stress relieved specimens
produced with the ‘hot’ parameters; being more sensitive than specimens produced via ‘cold’
process parameters, but less sensitive than specimens produced with the ‘ideal’ parameters. For
the solution annealed specimens, the group produced with ‘hot’ parameters possessed the highest
sensitivity of all groups; the ‘ideal’ specimens slightly lower than the ‘hot’ specimens, and the
lowest by the specimens produced with ‘cold’ parameters. Generally, the ‘hot’ and ‘ideal’
specimens were much closer to the response of the wrought material, while the specimens
produced with ‘cold’ parameters were significantly lower in strength.
The build orientation was shown to have an effect on mechanical response, although
much less significant than the effects from the build parameters. Specimens produced at 90
degrees relative to the build direction typically exhibited the highest strength than those
produced at an orientation of zero and 45 degrees. Specimens produced at 45 degrees exhibited
higher strength than those produced at zero degrees. While general trends can be observed, the
variation is much higher with respect to the build orientation. In some instances the differences
between response were very minor (less than 3 percent), and in some major (greater than 15%).
The rate effects with respect to orientation were very clear.

Specimens produced at an

orientation of 45 degree had the lowest rate sensitivity, those produced at 90 the highest, and
specimens at zero degrees some value between the other two. However the differences between
the three are small. The build orientation was directly related to the plastic deformation of the
specimens, which deformed a larger amount in the build direction than the layer direction.
Perhaps the greatest effect was that of the heat treat applied to the specimens. The rate
sensitivity for solution annealed samples was nearly 75% higher than for stress relieved
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specimens. The heat treatment was also shown to have a much larger effect for those produced
with ‘hot’ build parameters likely due to secondary phases or carbides resulting from the
increased laser power.
Tension experiments of AM 316L stainless steel were performed as well. In-situ high
speed X-ray imaging allowed for the observation of failure initiation and propagation
mechanisms, which were shown to be different for the AM and wrought material. The failure of
the wrought material under dynamic rates failed in a catastrophic mixed-mode manner, while
under quasi-static rates failed in a regular tensile fashion. No rate dependency was able to be
determined for the wrought material as it was heavily cold-worked and therefore resulted in
unexpected results. Failure of the AM material was shown to be strain dependent. Under
dynamic rates the distribution of defects offered little effect, while under quasi-static conditions
it was highly dependent. The failure mechanism of the AM specimens was not observed to be
dependent on loading rate, but instead remained consistent.
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5

FUTURE WORK AND RECOMMENDATIONS

This work focused primarily on characterizing the mechanical response of AM 316L
stainless steel. Therefore there is a need to understand the underlying mechanisms of why these
materials behave this way, and how the AM process affects this performance. Tension
experiments could also be improved to provide a better comparison between the wrought and
AM specimens. Therefore it is recommended to pursue the following:
1. Phase/microstructure transformation under dynamic loading. The solution annealed and
stress-relieved sample groups displayed highly different rate sensitivities.

No

microstructure or chemistry work was performed in this study, and therefore the resulting
microstructural properties due to process parameters and build orientations were not
addressed. In very short duration events, specimens also undergo adiabatic heating due to
the plastic deformation of the specimen. This heating has been shown to result in
thermoplastic instabilities that change the response of the material. However, this has not
been investigated for AM stainless steels. Understanding why this difference arises would
be crucial for a wide variety of applications.
2. Tension experiments should be improved.

For this work wrought specimens were

machined from a sheet of 316L. To improve the comparisons between the wrought and
AM material it is recommended that both undergo an identical heat treat (solution anneal).
This will eliminate the effect of cold-working on the wrought material, as well as any
residual stresses or undesired secondary phases/carbides present in the as manufactured
AM material. This will then offer a simple comparison between the effects of porosity
and associated geometry of the specimens. It can then be determined if the failure
mechanisms are geometry, or material dependent.
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APPENDIX A. TOMOGRAPHY RECONSTRUCTIONS

Fig A.A- 1: Selected cross sections of tomography reconstructions for group B.

Fig A.A- 2: Selected cross sections of tomography reconstructions for group C.
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Fig A.A- 3: Selected cross sections of tomography reconstructions for group D.

Fig A.A- 4: Selected cross sections of tomography reconstructions for group E.
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Fig A.A- 5: Selected cross sections of tomography reconstructions for group F.

Fig A.A- 6: Selected cross sections of tomography reconstructions for group G.
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Fig A.A- 7: Selected cross sections of tomography reconstructions for group H.

Fig A.A- 8: Selected cross sections of tomography reconstructions for group I.
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Fig A.A- 9: Selected cross sections of tomography reconstructions for group J.
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Fig A.A- 10: Selected cross sections of tomography reconstructions for group AB.

Fig A.A- 11: Selected cross sections of tomography reconstructions for group AC.
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Fig A.A- 12: Selected cross sections of tomography reconstructions for group AD.

Fig A.A- 13: Selected cross sections of tomography reconstructions for group AE.
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Fig A.A- 14: Selected cross sections of tomography reconstructions for group AF.

Fig A.A- 15: Selected cross sections of tomography reconstructions for group AG.
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Fig A.A- 16: Selected cross sections of tomography reconstructions for group AH.

Fig A.A- 17: Selected cross sections of tomography reconstructions for group AI.
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Fig A.A- 18: Selected cross sections of tomography reconstructions for group J.
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APPENDIX B. COMPRESSION RESULTS – RATE SENSITIVITY

Fig. A.B- 1: Yield stress vs. strain-rate plot.

Fig. A.B- 2: Yield stress vs. strain-rate plot for dynamic experiments.
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Fig. A.B- 3: Stress vs. strain plot at 20% strain.

Fig. A.B- 4: Stress vs. Strain plot at 20% strain for dynamic experiments.
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Fig. A.B- 5: Compression results for stress relieved Wrought sample group A.
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Fig. A.B- 6: Compression results for stress relieved sample group B.

Fig. A.B- 7: Compression results for stress relieved sample group C.
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Fig. A.B- 8: Compression results for stress relieved sample group D.

Fig. A.B- 9: Compression results for stress relieved sample group E.
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Fig. A.B- 10: Compression results for stress relieved sample group F.

Fig. A.B- 11: Compression results for stress relieved sample group G.

88

Fig. A.B- 12: Compression results for stress relieved sample group H.

Fig. A.B- 13: Compression results for stress relieved sample group I.
\
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Fig. A.B- 14: Compression results for stress relieved sample group J.
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Fig. A.B- 15: Compression results for solution annealed sample group B.

Fig. A.B- 16: Compression results for solution annealed sample group C.
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Fig. A.B- 17: Compression results for solution annealed sample group D.

Fig. A.B- 18: Compression results for solution annealed sample group E.
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Fig. A.B- 19: Compression results for solution annealed sample group F.

Fig. A.B- 20: Compression results for solution annealed sample group G.
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Fig. A.B- 21: Compression results for solution annealed sample group H.

Fig. A.B- 22: Compression results for solution annealed sample group I.
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Fig. A.B- 23: Compression results for solution annealed sample group J.
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APPENDIX C. COMPRESSION RESULTS – BUILD PARAMETERS

Fig. A.C- 1: 10 -3 s -1 compression results for ‘cold’ parameters stress relieved group.

Fig. A.C- 2: 10 -3 s -1 compression results for ‘ideal’ parameters stress relieved group.
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Fig. A.C- 3: 10 -3 s -1 compression results for ‘hot’ parameters stress relieved group.

Fig. A.C- 4: 1000 s -1 compression results for ‘cold’ parameters stress relieved group.
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Fig. A.C- 5: 1000 s -1 compression results for ‘ideal’ parameters stress relieved group.

Fig. A.C- 6: 1000 s -1 compression results for ‘hot’ parameters stress relieved group.
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Fig. A.C- 7: 3000 s -1 compression results for ‘cold’ parameters stress relieved group.

Fig. A.C- 8: 3000 s -1 compression results for ‘ideal’ parameters stress relieved group.
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Fig. A.C- 9: 3000 s -1 compression results for ‘hot’ parameters stress relieved group.

Fig. A.C- 10: 5500 s -1 compression results for ‘cold’ parameters stress relieved group.
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Fig. A.C- 11: 5500 s -1 compression results for ‘ideal’ parameters stress relieved group.

Fig. A.C- 12: 5500 s -1 compression results for ‘hot’ parameters stress relieved group.
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Fig. A.C- 13: 8000 s -1 compression results for ‘cold’ parameters stress relieved group.

Fig. A.C- 14: 8000 s -1 compression results for ‘ideal’ parameters stress relieved group.
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Fig. A.C- 15: 8000 s -1 compression results for ‘hot’ parameters stress relieved group.
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Fig. A.C- 16: 10 -3 s -1 compression results for ‘cold’ parameters solution annealed group.

Fig. A.C- 17: 10 -3 s -1 compression results for ‘ideal’ parameters solution annealed group.
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Fig. A.C- 18: 10 -3 s -1 compression results for ‘hot’ parameters solution annealed group.

Fig. A.C- 19: 1000 s -1 compression results for ‘cold’ parameters solution annealed group.
\
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Fig. A.C- 20: 1000 s -1 compression results for ‘ideal’ parameters solution annealed group.

Fig. A.C- 21: 1000 s -1 compression results for ‘hot’ parameters solution annealed group.
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Fig. A.C- 22: 3000 s -1 compression results for ‘cold’ parameters solution annealed group.

Fig. A.C- 23: 3000 s -1 compression results for ‘ideal’ parameters solution annealed group.
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Fig. A.C- 24: 3000 s -1 compression results for ‘hot’ parameters solution annealed group.

Fig. A.C- 25: 5500 s -1 compression results for ‘cold’ parameters solution annealed group.
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Fig. A.C- 26: 5500 s -1 compression results for ‘ideal’ parameters solution annealed group.

Fig. A.C- 27: 5500 s -1 compression results for ‘hot’ parameters solution annealed group.
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Fig. A.C- 28: 8000 s -1 compression results for ‘cold’ parameters solution annealed group.

Fig. A.C- 29: 8000 s -1 compression results for ‘ideal’ parameters solution annealed group.
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Fig. A.C- 30: 8000 s -1 compression results for ‘hot’ parameters solution annealed group.
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APPENDIX D. COMPRESSION RESULTS – BUILD ORIENTATION

Fig. A.D- 1: 10 -3 s -1 compression results for 0° build orientation stress relieved group.

Fig. A.D- 2: 10 -3 s -1 compression results for 45° build orientation stress relieved group.

112

Fig. A.D- 3: 10 -3 s -1 compression results for 90° build orientation stress relieved group.

Fig. A.D- 4: 1000 s -1 compression results for 0° build orientation stress relieved group.
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Fig. A.D- 5: 1000 s -1 compression results for 45° build orientation stress relieved group.

Fig. A.D- 6: 1000 s -1 compression results for 90° build orientation stress relieved group.
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Fig. A.D- 7: 3000 s -1 compression results for 0° build orientation stress relieved group.

Fig. A.D- 8: 3000 s -1 compression results for 45° build orientation stress relieved group.
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Fig. A.D- 9: 3000 s -1 compression results for 90° build orientation stress relieved group.

Fig. A.D- 10: 5500 s -1 compression results for 0° build orientation stress relieved group.

116

Fig. A.D- 11: 5500 s-1 compression results for 45° build orientation stress relieved group.

Fig. A.D- 12: 5500 s-1 compression results for 90° build orientation stress relieved group.
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Fig. A.D- 13: 8000 s-1 compression results for 0° build orientation stress relieved group.

Fig. A.D- 14: 8000 s-1 compression results for 45° build orientation stress relieved group.
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Fig. A.D- 15: 8000 s-1 compression results for 90° build orientation stress relieved group.
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Fig. A.D- 16: 10-3 s-1 compression results for 0° build orientation solution annealed group.

Fig. A.D- 17: 10-3 s-1 compression results for 45° build orientation solution annealed group.
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Fig. A.D- 18: 10-3 s-1 compression results for 90° build orientation solution annealed group.

Fig. A.D- 19: 1000 s-1 compression results for 0° build orientation solution annealed group.
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Fig. A.D- 20: 1000 s-1 compression results for 45° build orientation solution annealed group.

Fig. A.D- 21: 1000 s-1 compression results for 90° build orientation solution annealed group.
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Fig. A.D- 22: 3000 s-1 compression results for 0° build orientation solution annealed group.

Fig. A.D- 23: 3000 s-1 compression results for 45° build orientation solution annealed group.
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Fig. A.D- 24: 3000 s-1 compression results for 90° build orientation solution annealed group.

Fig. A.D- 25: 5500 s-1 compression results for 0° build orientation solution annealed group.
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Fig. A.D- 26: 5500 s-1 compression results for 45° build orientation solution annealed group.

Fig. A.D- 27: 5500 s-1 compression results for 90° build orientation solution annealed group.
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Fig. A.D- 28: 8000 s-1 compression results for 0° build orientation solution annealed group.

Fig. A.D- 29: 8000 s-1 compression results for 45° build orientation solution annealed group.
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Fig. A.D- 30: 8000 s-1 compression results for 90° build orientation solution annealed group.
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APPENDIX E. COMPRESSION DATA – HEAT TREAT

Fig. A.E- 1: 10-3 s-1 compression results process group B stress relieved & solution annealed.

Fig. A.E- 2: 10-3 s-1 compression results process group C stress relieved & solution annealed.
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Fig. A.E- 3: 10-3 s-1 compression results process group D stress relieved & solution annealed.

Fig. A.E- 4: 10-3 s-1 compression results process group E stress relieved & solution annealed.
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Fig. A.E- 5: 10-3 s-1 compression results process group F stress relieved & solution annealed.

Fig. A.E- 6: 10-3 s-1 compression results process group G stress relieved & solution annealed.
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Fig. A.E- 7: 10-3 s-1 compression results process group H stress relieved & solution annealed.

Fig. A.E- 8: 10-3 s-1 compression results process group I stress relieved & solution annealed.
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Fig. A.E- 9: 10-3 s-1 compression results process group J stress relieved & solution annealed.
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Fig. A.E- 10: 1000 s-1 compression results process group B stress relieved & solution annealed.

Fig. A.E- 11: 1000 s-1 compression results process group C stress relieved & solution annealed.
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Fig. A.E- 12: 1000 s-1 compression results process group D stress relieved & solution annealed.

Fig. A.E- 13: 1000 s-1 compression results process group E stress relieved & solution annealed.
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Fig. A.E- 14: 1000 s-1 compression results process group F stress relieved & solution annealed.

Fig. A.E- 15: 1000 s-1 compression results process group G stress relieved & solution annealed.
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Fig. A.E- 16: 1000 s-1 compression results process group H stress relieved & solution annealed.

Fig. A.E- 17: 1000 s-1 compression results process group I stress relieved & solution annealed.
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Fig. A.E- 18: 1000 s-1 compression results process group J stress relieved & solution annealed.
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Fig. A.E- 19: 3000 s-1 compression results process group B stress relieved & solution annealed.

Fig. A.E- 20: 3000 s-1 compression results process group C stress relieved & solution annealed.

138

Fig. A.E- 21: 3000 s-1 compression results process group D stress relieved & solution annealed.

Fig. A.E- 22: 3000 s-1 compression results process group E stress relieved & solution annealed.
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Fig. A.E- 23: 3000 s-1 compression results process group F stress relieved & solution annealed.

Fig. A.E- 24: 3000 s-1 compression results process group G stress relieved & solution annealed.
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Fig. A.E- 25: 3000 s-1 compression results process group H stress relieved & solution annealed.

Fig. A.E- 26: 3000 s-1 compression results process group I stress relieved & solution annealed.
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Fig. A.E- 27: 3000 s-1 compression results process group J stress relieved & solution annealed.
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Fig. A.E- 28: 5500 s-1 compression results process group B stress relieved & solution annealed.

Fig. A.E- 29: 5500 s-1 compression results process group C stress relieved & solution annealed.
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Fig. A.E- 30: 5500 s-1 compression results process group D stress relieved & solution annealed.

Fig. A.E- 31: 5500 s-1 compression results process group E stress relieved & solution annealed.
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Fig. A.E- 32: 5500 s-1 compression results process group F stress relieved & solution annealed.

Fig. A.E- 33: 5500 s-1 compression results process group G stress relieved & solution annealed.
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Fig. A.E- 34: 5500 s-1 compression results process group H stress relieved & solution annealed.

Fig. A.E- 35: 5500 s-1 compression results process group I stress relieved & solution annealed.
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Fig. A.E- 36: 5500 s-1 compression results process group J stress relieved & solution annealed.
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Fig. A.E- 37: 8000 s-1 compression results process group B stress relieved & solution annealed.

Fig. A.E- 38: 8000 s-1 compression results process group C stress relieved & solution annealed.
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Fig. A.E- 39: 8000 s-1 compression results process group D stress relieved & solution annealed.

Fig. A.E- 40: 8000 s-1 compression results process group E stress relieved & solution annealed.
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Fig. A.E- 41: 8000 s-1 compression results process group F stress relieved & solution annealed.

Fig. A.E- 42: 8000 s-1 compression results process group G stress relieved & solution annealed.
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Fig. A.E- 43: 8000 s-1 compression results process group H stress relieved & solution annealed.

Fig. A.E- 44: 8000 s-1 compression results process group I stress relieved & solution annealed.
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Fig. A.E- 45: 8000 s-1 compression results process group J stress relieved & solution annealed.
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APPENDIX F. TENSION DATA – RATE

Fig. A.F- 1: Log plot of the rate sensitivity for the AM specimens.

Fig. A.F- 2: Linear plot of the rate sensitivity for the AM specimens.
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Fig. A.F- 3: Plot of AM tension experiments at various strain-rates.

Fig. A.F- 4: Plot of AM tension experiments at 10-3 s-1.

154

Fig. A.F- 5: Plot of AM tension experiments 800 s-1.

Fig. A.F- 6: Plot of AM tension experiments at 1300 s-1.
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Fig. A.F- 7: Plot of AM tension experiments at 1650 s-1.
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Fig. A.F- 8: Log plot of the rate sensitivity for the wrought specimens.

Fig. A.F- 9: Linear plot of the rate sensitivity for the wrought specimens.
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Fig. A.F- 10: Plot of Wrought tension experiments at various strain-rates.

Fig. A.F- 11: Plot of Wrought tension experiments at 10-3 s-1.
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Fig. A.F- 12: Plot of Wrought tension experiments 800 s-1.

Fig. A.F- 13: Plot of Wrought tension experiments at 1300 s-1.
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Fig. A.F- 14: Plot of Wrought tension experiments at 1650 s-1.
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APPENDIX G. TENSION DATA – HIGH SPEED IMAGES

t = 0 µs

t = 64 µs

t = 107 µs

t = 115 µs

t = 121 µs

t = 161 µs

Figure A.G- 1: High speed images of AM Experiment 1, at 800 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 69 µs

t = 114 µs

t = 33 µs

t = 85 µs

t = 126 µs

Figure A.G- 2: High speed images of AM Experiment 2, at 800 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 35 µs

t = 79 µs

t = 88 µs

t = 92 µs

t = 103 µs

Figure A.G- 3: High speed images of AM Experiment 3, at 800 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 43 µs

t = 70 µs

t = 78 µs

t = 85 µs

t = 98 µs

Figure A.G- 4: High speed images of AM Experiment 4, at 800 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 64 µs

t = 116 µs

t = 50 µs

t = 104 µs

t = 126 µs

Figure A.G- 5: High speed images of AM Experiment 5, at 800 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 34 µs

t = 51 µs

t = 59 µs

t = 63 µs

t = 72 µs

Figure A.G- 6: High speed images of AM Experiment 6, at 1300 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 25 µs

t = 52 µs

t = 63 µs

t = 69 µs

t = 71 µs

Figure A.G- 7: High speed images of AM Experiment 7, at 1300 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 38.5 µs

t = 52 µs

t = 61.5 µs

t = 67.5 µs

t = 71 µs

Figure A.G- 8: High speed images of AM Experiment 8, at 1300 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 29.5 µs

t = 40.5 µs

t = 50.5 µs

t = 53 µs

t = 58 µs

Figure A.G- 9: High speed images of AM Experiment 9, at 1300 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 28.5 µs

t = 50 µs

t = 64 µs

t = 69.5 µs

t = 73 µs

Figure A.G- 10: High speed images of AM Experiment 10, at 1300 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 31.5 µs

t = 50.5 µs

t = 22 µs

t = 43 µs

t = 54 µs

Figure A.G- 11: High speed images of AM Experiment 11, at 1650 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 17 µs

t = 30.5 µs

t = 38.5 µs

t = 49.5 µs

t = 50.5 µs

Figure A.G- 12: High speed images of AM Experiment 12, at 1650 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 27 µs

t = 40 µs

t = 49.5 µs

t = 53µs

t = 57.5 µs

Figure A.G- 13: High speed images of AM Experiment 13, at 1650 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 31.5 µs

t = 50.5 µs

t = 22 µs

t = 43 µs

t = 54 µs

Figure A.G- 14: High speed images of AM Experiment 14, at 1650 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 27 µs

t = 42.5 µs

t = 48 µs

t = 52 µs

t = 58 µs

Figure A.G- 15: High speed images of AM Experiment 15, at 1650 s-1. Failure
initiation site is circled in red.
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t = 0 µs

t = 24 µs

t = 49 µs

t = 59 µs

t = 70 µs

t = 78 µs

Figure A.G- 16: High speed images of wrought Experiment 1, at 800 s-1. The
dashed line indicates the orientation of the failure surfaces.
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t = 0 µs

t = 24 µs

t = 42 µs

t = 57 µs

t = 64 µs

t = 74 µs

Figure A.G- 17: High speed images of wrought Experiment 2, at 800 s-1. The
dashed line indicates the orientation of the failure surfaces.

177

t = 0 µs

t = 22 µs

t = 32 µs

t = 44 µs

t = 52 µs

t = 58 µs

Figure A.G- 18: High speed images of wrought Experiment 3, at 800 s-1. The
dashed line indicates the orientation of the failure surfaces.
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t = 0 µs

t = 25 µs

t = 35 µs

t = 48 µs

t = 56 µs

t = 63 µs

Figure A.G- 19: High speed images of wrought Experiment 4, at 800 s-1. The
dashed line indicates the orientation of the failure surfaces.
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t = 0 µs

t = 29 µs

t = 37 µs

t = 46 µs

t = 55 µs

t = 62 µs

Figure A.G- 20: High speed images of wrought Experiment 5, at 800 s-1. The
dashed line indicates the orientation of the failure surfaces.
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t = 0 µs

t = 20.5 µs

t = 30.5 µs

t = 33 µs

t = 35.5 µs

t = 39 µs

Figure A.G- 21: High speed images of wrought Experiment 6, at 1300 s-1. The
dashed line indicates the orientation of the failure surfaces.
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t = 0 µs

t = 28 µs

t = 30.5 µs

t = 34 µs

t = 36.5 µs

t = 38.5 µs

Figure A.G- 22: High speed images of wrought Experiment 7, at 1300 s-1. The
dashed line indicates the orientation of the failure surfaces.

182

t = 0 µs

t = 32.5 µs

t = 36 µs

t = 38.5 µs

t = 40 µs

t = 43 µs

Figure A.G- 23: High speed images of wrought Experiment 8, at 1300 s-1. The
dashed line indicates the orientation of the failure surfaces.

183

t = 0 µs

t = 25.5 µs

t = 29.5 µs

t = 31 µs

t = 33 µs

t = 35.5 µs

Figure A.G- 24: High speed images of wrought Experiment 9, at 1300 s-1. The
dashed line indicates the orientation of the failure surfaces.

184

t = 0 µs

t = 24 µs

t = 28.5 µs

t = 30 µs

t = 32 µs

t = 34.5 µs

Figure A.G- 25: High speed images of wrought Experiment 10, at 1300 s-1. The
dashed line indicates the orientation of the failure surfaces.
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t = 0 µs

t = 24.5 µs

t = 26.5 µs

t = 28 µs

t = 29.5 µs

t = 30.5 µs

Figure A.G- 26: High speed images of wrought Experiment 13, at 1650 s-1. The
dashed line indicates the orientation of the failure surfaces.

186

t = 0 µs

t = 26.5 µs

t = 28 µs

t = 31 µs

t = 32 µs

t = 33 µs

Figure A.G- 27: High speed images of wrought Experiment 14, at 1650 s-1. The
dashed line indicates the orientation of the failure surfaces.
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t = 0 µs

t = 25 µs

t = 27.5 µs

t = 29.5 µs

t = 30.5 µs

t = 33 µs

Figure A.G- 28: High speed images of wrought Experiment 15, at 1650 s-1. The
dashed line indicates the orientation of the failure surfaces.
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t = 0 µs

t = 24.5 µs

t = 26 µs

t = 28 µs

t = 29 µs

t = 31.5 µs

Figure A.G- 29: High speed images of wrought Experiment 17, at 1650 s-1. The
dashed line indicates the orientation of the failure surfaces.

189

t = 0 µs

t = 23 µs

t = 25 µs

t = 27 µs

t = 29 µs

t = 30.5 µs

Figure A.G- 30: High speed images of wrought Experiment 18 at 1650 s-1. The
dashed line indicates the orientation of the failure surfaces.

